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Abstract. We present assembly and application of an optical reflectometer for the analysis of dental erosion. The
erosive procedure involved acid-induced softening and initial substance loss phases, which are considered to be
difficult for visual diagnosis in a clinic. Change of the specular reflection signal showed the highest sensitivity
for the detection of the early softening phase of erosion among tested methods. The exponential decrease of the
specular reflection intensity with erosive duration was compared to the increase of enamel roughness. Surface
roughness was measured by optical analysis, and the observed tendency was correlated with scanning electron
microscopy images of eroded enamel. A high correlation between specular reflection intensity and measurement
of enamel softening (r2 ≥ −0.86) as well as calcium release (r2 ≥ − 0.86) was found during erosion progression.
Measurement of diffuse reflection revealed higher tooth-to-tooth deviation in contrast to the analysis of specular
reflection intensity and lower correlation with other applied methods (r2 = 0.42–0.48). The proposed optical
method allows simple and fast surface analysis and could be used for further optimization and construction of the
first noncontact and cost-effective diagnostic tool for early erosion assessment in vivo. C©2011 Society of Photo-Optical
Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3631791]
Keywords: dental erosion; reflection analysis; diagnostics; enamel; roughness; hardness; calcium dissolution; scanning electron
microscopy.
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1 Introduction
Caries remain among the most common diseases throughout
the world and is associated with bacterial processes leading to
damage of hard dental tissues (enamel, dentine, and cementum).
Another growing problem in dental health is erosion, affecting
up to 80% of adults and ∼50% of children.1 Dental erosion is
defined as the loss of dental hard tissue by a chemical process
without the impact of bacteria. Examples are enamel dissolu-
tion by acidic food beverages or due to gastric acid reflux and
vomiting. The initial stage of dental erosion is characterized by
softening of the enamel due to acidic demineralization and is a
reversible process. Calcium ions derived from saliva flow may
remineralize softened tissue and repair tooth mineral. However,
if acidic impact persists, further dissolution of the enamel oc-
curs, resulting in the partial layer-by-layer substance loss and
decrease of the enamel thickness. This second stage of erosion
is irreversible and might lead to the elimination of the enamel
layer up to dentine in most severe cases (Fig. 1). This results in
a painful experience and requires professional dental help.
Address all correspondence to: Ekaterina Rakhmatullina, University of Bern, De-
partment of Preventive, Restorative and Paediatric Dentistry, Freiburgstrasse 7,
Bern, Bern 3010 Switzerland; Tel: + 00413163288603; Fax: +0041316328603;
E-mail: ecatherin@yahoo.co.uk
To reduce erosive tooth wear, timely diagnostics and preven-
tive strategies are of great importance. Although diagnostics of
caries and preventive measures are well developed, clinical de-
tection of dental erosion is based only on visual inspection. Par-
ticularly, observation of lesion characteristics on the facial/oral
and occlusal/incisal surfaces, restorations rising above the level
of the adjacent teeth, or shallow concavities on smooth surfaces
indicate dental erosion.2 The results of visual inspection are
usually combined with the dietary, medical, and occupational
features of the patient.3 However, the estimation of the erosion
progression might differ from dentist to dentist, depending on
professional experience and education. Besides, the diagnosis
of an early erosion stage is the most difficult but important step
because preventive measures such as diet modification or appli-
cation of dental products contribute to the significant decrease
of the erosive tooth wear and, thus, a better quality of life for
the patient.
Currently, various methods are proposed for the analysis of
dental erosion,4 but in spite of numerous advantages and dis-
advantages, the majority of them can be applied exclusively in
vitro or in situ.5 For instance, different “generations” of micro-
radiography provide quantitative analysis of the dental tissue
loss6 but are not suited for in vivo erosion quantification due
1083-3668/2011/16(10)/107002/12/$25.00 C© 2011 SPIE
Journal of Biomedical Optics October 2011  Vol. 16(10)107002-1
Downloaded From: http://biomedicaloptics.spiedigitallibrary.org/ on 01/14/2014 Terms of Use: http://spiedl.org/terms
Rakhmatullina et al.: Application of the specular and diffuse reflection analysis...
Fig. 1 Clinical example of dental erosion. The upper occlusal enamel
tissue of the tooth is completely lost down to the remaining dentine
layer (yellow color) that is exposed. The enamel (white surrounding
ring) is only present on the sides of the tooth crown.
to long x-ray exposure times.7 Quantitative light-induced fluo-
rescence (LIF) allows detection of the early enamel deminer-
alization based on the change of its autofluorescence signal.8
Although this technique has a potential for in vivo applica-
tion, the exact mechanism of the erosion detection is unclear.
Optical coherence tomography (OCT) is another method that
can be further developed for clinical quantification of erosion.
Its measurement principle is described elsewhere.9, 10 Wilder-
Smith et al.11 reported in situ analysis of dental erosion by OCT
in patients with gastroesophageal reflux disease, but the applica-
tion of the technique was limited to enamel samples with severe
substance loss of a few micrometers. Thus, it remains unclear
if OCT can be applied for the analysis of early softening and
initial substance loss. Many other measurement methods for
the assessment of dental erosion induce mechanical or chemi-
cal damage of the dental tissues (profilometry,12, 13 permeability
tests,4, 14 nanoindentations15, 16), require time-consuming sam-
ple preparation procedures available under in vitro condition
(scanning electron and atomic force microscopies17–19) or in-
volve chemical analysis of the dissolved compounds (calcium,
phosphorus).20, 21
Among different optical methods, analysis of scattered and
reflected light was mostly used for the diagnostics of caries.
Light scattering analysis was applied for the in vitro quantifica-
tion of carious lesions.22, 23 Attention was given to the change of
reflectance spectra and reflectance intensity in the detection of
carious enamel compare to a sound tissue.24, 25 Uzinov et al.26
observed significant reduction of the specular reflection inten-
sity by measuring the teeth with carious lesions using 450–900
nm wavelengths of light. Because caries development is also
related to the acidic demineralization of the tooth, certain cor-
relations can be expected between diagnostic criteria of caries
and dental erosion. A first attempt to exploit reflection intensity
for the investigation of dental erosion was published by Thomas
et al.,27 who used nitrogen LIF and diffuse reflection analysis
to monitor erosion progression in vitro. Although a good corre-
lation between LIF signal and erosion duration was reported,
the increase of diffuse reflection with erosion time was not
significant. Higher sensitivity of the LIF was concluded compare
to the analysis of the diffuse light reflection.
This study attempted to: (i) validate application of both spec-
ular and diffuse reflection intensities for the in vitro diagnostics
of early dental erosion, (ii) compare the optical measurement
output to the standard analytical methods, and (iii) gather first
information about the key parameters for further instrument op-
timization for in vivo erosion assessment. Application of the
reflection analysis could allow construction of the noninvasive,
cost-effective diagnostic tool providing a fast and quantitative
output signal with no significant thermal or sound effect on
the enamel surface and possibility to miniaturize the instrument
for application in clinic. Here, the laboratory model of the re-
flectometer for enamel analysis was assembled with the goal
of measuring signals of specular and diffuse reflected light in
the wavelength range of 400–800 nm with a 45-deg angle of
incidence and a variable angle of detection that was 45 deg
for specular reflection and 0 deg for diffuse reflection analysis,
respectively.
Quantification of the early erosion phases, i.e., softening of
the enamel and initial substance loss, were targeted in this in
vitro experiment as the most important stages for clinical diag-
nosis. Accordingly, erosive conditions were carefully adjusted.
A series of test experiments were carried out before the main
study in order to find out the optimal duration of the enamel in-
cubation in acid inducing softening and primary substance loss
only. Furthermore, citric acid with pH 3.6 was used as deminer-
alizing agent to mimic a typical acidic environment in the oral
cavity when commercial orange juice is consumed.28 Hence, the
obtained results from the reflection analysis of eroded enamel
could be correlated with one or another stage of erosion pro-
gression that is clinically relevant knowledge for the assessment
of tooth wear. To explain the observed tendencies, we moni-
tored surface roughness of the enamel samples and visualized
the treated dental surfaces by scanning electron microscopy.
The analysis of enamel erosion by the proposed optical method
was compared to the typically used analytical techniques in the
field, such as measurement of the enamel hardness and calcium
release from tooth surface into acidic solutions.
2 Experimental
2.1 Materials
2.1.1 Chemicals
Lanthanum nitrate hexahydrate [La(NO3)3 · 6H2O, Sigma-
Aldrich Chemie GmbH, Steinheim, Germany), ≥99%] was used
for the calcium analysis by atomic adsorption spectroscopy.
Chloramin T trihydrate solution (≥98%, Sigma-Aldrich, Stein-
heim, Germany) was applied for the storage of extracted teeth
as received. Citric acid (Merck, Stettlen, Switzerland, ≥99.5%)
was used for the preparation of erosive solutions.
2.1.2 Preparation of enamel specimens
Caries-free human molars with no cracks on the buccal sur-
faces (microscopy examination, magnification ×20) were se-
lected from a pool of extracted teeth. All teeth were extracted
by dental practitioners in Switzerland (no water fluoridation,
250 ppm F− in table salt) and were stored in 1% chloramin
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Preparation of the enamel specimen 
Analysis of the initial healthy enamel surface: 
(1) Calculation of surface area 
(2) Reflection measurement (specular and diffuse) 
(3) Measurement of enamel hardness 
and depth of the initial 400 g indentations  
(4) Scanning Electron Microscopy imaging (SEM) 
Erosion of enamel in 0.034 M citric acid (3
4, 6, 8, 10 and 15 minutes; 20 enamel samples per erosion time 
Analysis of calcium release in 
the acidic solutions 
Analysis of the eroded enamel surface: 
(1)  Reflection measurement (specular and diffuse) 
(2)  Measurement of enamel hardness 
and depth of 400 pond indentations 
(3)  Roughness measurements 
(4)  Scanning Electron Microscopy  
Fig. 2 Experimental design of the study.
T trihydrate solution. Before the extraction, the patients were
informed about the use of their teeth for research purposes and
consent was obtained. Teeth crowns were separated from the
roots using an Isomet R© Low Speed Saw (Buehler, Du¨sseldorf,
Germany) and coated by red nail polish for the determination
of the exposed enamel area (Sec. 2.2.1). The buccal sites of
the specimens were embedded into the resin (Paladur, Heraeus
Kulzer GmbH, Hanau, Germany) in two planar parallel molds.
The thinner mold (200 μm thick) was removed while the teeth in
the thicker one (7.5 mm thick) were serially abraded under con-
stant tap-water cooling using a Knuth Rotor machine (LabPol
21, Struers, Copenhagen, Denmark) with silicon carbide paper
disks of grain size 18.3 μm, 8 μm, and 5 μm, 60 s each. The
embedded enamel blocks were taken out of the molds before
being polished for 60 s with a 3-μm diamond abrasive on a
Struers polishing cloth under constant cooling (LaboPol-6, DP-
Mol Polishing, DP-Stick HQ, Struers, Copenhagen, Denmark).
Between two polishing steps and after the final polishing, all
slabs were sonicated for 1 min in tap water and rinsed. All pre-
pared specimens had a flat ground enamel area with a 200-μm
cutoff layer. Samples were stored in a mineral solution [1.5
mmol/l CaCl2, 1.0 mmol/l KH2PO4, 50 mmol/l NaCl, pH 7.0
(Ref. 29)] and underwent further polishing with a 1-μm dia-
mond abrasive (60 s, LaboPol-6, DP-Mol Polishing, DP-Stick
HQ, Struers, Copenhagen, Denmark) immediately before the
experiment.
2.1.3 Erosion of enamel surface
The prepared enamel specimens were immersed into 30 ml of
citric acid (0.034 M, pH 3.6, similar to most of commercial
orange juices) for 0.5, 1, 2, 4, 6, 8, 10, and 15 min (Fig. 2) under
constant agitation (70 U/min, Salvis, Reussbu¨hl, Switzerland) at
30◦C. Samples were removed from acidic solutions, rinsed with
deionised water (20 s), and dried with oil-free air (5 s). Twenty
enamel specimens for each erosion time were used in the study;
there were 160 specimens in total.
2.2 Methods
2.2.1 Calculation of the exposed enamel surface area
Every prepared enamel specimen was investigated under a light
microscope (Leica M420) and the image of the exposed enamel
was taken (Fig. 1, supporting information). Because of the red
nail polish, the contour between the open (white) and resin-
covered enamel (red) was well visible and could be clearly
distinguished. The open enamel area was manually outlined
(circled) using Software IM500, which further calculated the
exposed surface taking into account the corresponding mag-
nification factor of the microscope. Surface porosity was not
included into the area calculation.
2.2.2 Analysis of calcium loss in the acidic erosive
solutions
Acidic solutions were collected after the enamel erosion
(Sec. 2.1.3) in order to analyze the amount of released
calcium ions from every enamel specimen. Lanthan nitrate
[La(NO3)3 · 6H2O, Merck, ≥99%] and 0.034 M citric acid (pH
3.6) were applied for the sample preparation. Analysis was car-
ried out by means of a flame atomic adsorption spectrometer
(AAnalyst 400, Perkin Elmer Analytical Instruments, Waltham,
Massachusetts, USA) equipped with acetylene-air gas input.
Lanthan nitrate (5%, aqueous solution) is used in the atomic
adsorption analysis of calcium to hinder the interference of
phosphate ions on the detection signal. The measured calcium
concentrations were normalized to the corresponding enamel
surface areas.
2.2.3 Indentation measurement
Microhardness analysis. Hardness measurements of the enamel
specimen were performed using a Knoop diamond under a load
of 50 g and a dwell time of 15 s (MHT-10 Microhardness Tester,
Anton Paar, Paar Physica, Graz, Austria). Six indentations were
made, with their long axis parallel to the vertical borders of
the window, at 50-μm intervals. The length of each indentation
was measured with an optical analysis system and transferred
to a computer (Leica DMR Microscope, Leica Mikroskopie and
Systeme GmbH, Wetzlar, Germany). The instrument was cali-
brated before each use. The enamel softening (S) was calculated
in percentages as the ratio between the microhardness difference
of initial and eroded enamel (SMH = SMHt = 0 − SMHt = x,
where t erosion time, x = 0.5, 1, 2, 4, 6, 8, 10, and 15 min) to
the initial microhardness value,
S = (SMH/SMHt=0) 100%. (1)
Control of enamel substance loss during erosion. All enamel
samples were dried with compressed oil-free air. A defect-free
area in the middle of the experimental area of the enamel spec-
imen was selected where six indentations with a load of 400
gs were performed [Fig. 3(a)]. The length of indentations was
measured using the optical system of microhardness tester be-
fore and after erosion of every enamel sample. Based on the
length [L, 3(b)], the depth of impression [D, Fig. 3(b)] was
calculated according to the equation D = L/2 · tan α, where α
= 3.75 deg, a known parameter of the diamond indenter. The
average from the measurement of six indentations on each tooth
surface was taken for statistical data analysis.
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Fig. 3 (a) SEM image of the six indentations (400 g) on the healthy
enamel surface. The length of indentations (L) was measured followed
by (b) the calculation of the impression depth (D), which was used for
the control of substance loss after erosive challenge.
2.2.4 Scanning electron microscopy
Representative specimens were mounted on aluminum stubs
and sputtered with gold/palladium (100 s, 50 mA) using a
sputtering device (Balzers SCD 050, Balzers, Liechtenstein).
Scanning electron microscopy (SEM) was performed with a
Stereoscan S360 scanning electron microscope at 20 kV (Cam-
bridge Instruments, Cambridge, United Kingdom). Equal dig-
ital SEM micrographs (of 2000× and 5000× magnifications,
respectively) were generated for each specimen (Digital Image
Processing System, version 2.3.1.0, Point Electronic GmbH,
Halle, Germany).
2.2.5 Optical measurement of surface roughness
For a noncontact roughness analysis, a high-resolution chro-
matic confocal point sensor (optical pen) was used (STIL sa,
France, OP 300 VM). By moving the sample over a 1-mm dis-
tance using a motorized linear stage, 500 topography points
were recorded at 300 Hz frequency. To calculate the roughness
value, a linear fitting was performed to subtract the tilt effect
of the sample followed by a polynomial fitting to remove the
gross structure of the tooth. The roughness was defined as the
standard deviation of the data after processing.
The roughness of 24 randomly chosen teeth with variable
erosion times was measured before and after erosion (measure-
ment 1). The measurement was then repeated on another spot
in each tooth (measurement 2). The change of roughness was
defined by Re/Ro, where Re is the roughness after erosion and
Ro the original roughness of the noneroded enamel.
2.2.6 Assembly of spectral resolved reflectometer
The spectral resolved reflectometer consisted of a halogen
source (Ocean Optics, Dunedin, Florida, USA, HL-2000-LVF-
HP), an illumination arm and a measurement arm with var-
ied angle position connected to a spectrometer (Ocean Optics,
Dunedin, Florida, USA, USB-4000) (Fig. 4). The light source
was coupled into a 600-μm fiber and focused on the sample
through an optical system fixed at a 45-deg angle of incidence.
The beam focus could be adjusted on the sample surface by
moving the sample holder (height) up or down with a linear
stage (Fig. 4). The illumination optic produced a spot size of
1.5-mm diameter. The measuring arm comprised 10× micro-
scope objective (NA: 0.25) coupled to a 1000-μm fiber, thus
limiting the measuring spot size to 1 mm. The position of the
tooth
spectrometer
Ocean Optics
halogen source
Ocean Optics
illumination arm   measurement arm
linear stage
laptop
SpectraSuite
Fig. 4 Setup of the spectral resolved reflectometer.
measurement arm could be switched between two angles of re-
flection: 0 and 45 deg to the surface normal. The 45-deg/0-deg
(angle of incidence/angle of reflection) configuration was used
for the measurement of diffuse reflection, while 45-deg/45-deg
configuration was applied for the measurement of specular re-
flection. Reflection spectra at each configuration were recorded
by the spectrometer and processed using the SpectraSuite soft-
ware (Ocean Optics, Dunedin, Florida, USA).
2.2.7 Measurements of diffuse and specular reflection
from enamel surface
The prepared enamel specimen was positioned on the sample
holder so that the light spot was localized on the healthy enamel
area without visible cracks. The SpectraSuite software was con-
figured with a boxcar width (smoothing width) of 10 nm and a
scan average of 2. First, the detector position was fixed at a 45-
deg angle of reflection (Fig. 4) for the measurement of specular
reflection spectrum. Because of natural tooth-to-tooth variability
and slightly different sample heights after polishing procedures,
the position of the sample holder and integration time were ad-
justed to obtain maximal reflection signal (i.e., 90% of the mea-
suring range). The effect of the ambient light was subtracted
by the elimination of the reflection spectrum recorded with the
halogen light source being switched off. Afterward, the light was
switched on and the reflection signal was recorded in the range of
400–800 nm. The measurement of specular reflection was per-
formed for every sample before and after the erosive challenge.
For the analysis of diffuse reflection light, the position of the
measurement arm was changed to a 0-deg angle of reflection
(Fig. 4); however, sample position and height were kept con-
stant during the entire procedure. Integration time was adjusted
to achieve a reflection signal of ∼20% from a measurement
range for healthy enamel surface before erosive treatment. The
background reflection signal coming from the ambient light was
subtracted analogous to the specular reflection experiment, and
the diffuse spectrum was recorded in the range of 400–800 nm.
The measurements of diffuse reflection were carried out before
and after erosive treatments for every enamel sample. Integration
time for the recording of specular or diffuse reflections was kept
constant for every tooth sample during the entire experiment.
There were two specular (before and after erosion) and two
diffuse (before and after erosion) reflection spectra recorded
for every enamel sample. Both specular and diffuse spectral
data were further processed according to the equation: Rr (%)
= [S(eroded) − S(offset)/S(noneroded) − S(offset)] · 100,
where Rr is a relative calculated specular or diffuse reflection
intensity from the enamel surface and S is the recorded signal
from the enamel surfaces. Rr values were calculated in the whole
wavelength region (400–800 nm). All reflection measurements
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were performed on dry enamel surfaces; the drying time was
fixed to 6 min at room temperature in order to standardize the
preparation conditions for all teeth.
2.3 Experimental Design
The erosive experiment was carried out with extracted human
molar teeth applying different durations of enamel exposure to
acid in order to vary the degree of erosive teeth demineralization.
Twenty enamel samples for each of the eight different erosion
times were used in the study; thus, there were 160 samples in
total. Several different analytical techniques were included in
the experimental design to correlate the results of optical re-
flection analysis with conventionally used microhardness and
calcium dissolution measurements. To avoid the possible effect
of microindentations on the measured reflection intensity from
the enamel surface, the reflection analysis of the noneroded and
eroded enamel samples was performed first, followed by the mi-
crohardness measurements (Fig. 2). Microhardness analysis of
the initial noneroded enamel samples resulted in the presence of
six indentations on the tested surface. These indentations could
be occasionally included into the measurement spot during re-
flection analysis of the same enamel specimens after erosive
treatment. To minimize the possibility of the interference be-
tween microindentations and the measured reflection intensity,
no longitudinal erosive cycling model was applied in this study.
Hence, every enamel sample was eroded only once for a defined
time period and only six indentations were present on the surface
during the second reflection analysis after erosive challenge. No
indentations were made on the polished enamel surface before
the first reflection analysis.
Additionally, enamel imaging and roughness examination
were performed to explain observed changes of the reflection
intensity during teeth erosion. The entire experimental design
of the study is summarized in Fig. 2.
2.4 Statistical Data Analysis
Software R 2.9.11 was used for the descriptive statistical data
analysis. Results are presented as box plots with marked out-
lier points (hollow circles). The correlation between analytical
methods was calculated using Spearman rank coefficients (r2)
due to nonlinear functions.
3 Results
Analysis of the intensity of specular and diffuse reflection light
was performed from the same enamel specimens before and after
erosive treatment, prior to the microhardness measurements.
The enamel incubation time in acid varied from 0.5 to 15 min to
achieve softening and initial substance loss phases of erosion.
Figures 5(a) and 5(b) demonstrate, respectively, representa-
tive examples of specular and diffuse average spectra obtained
from enamel surfaces eroded for 1, 2, 6, 8, and 15 min. The rel-
ative intensity of the specular and diffuse reflection was taken
as 100% for the initial noneroded enamel samples. Obviously,
intensity of the specular reflection decreased during erosion
progression [Fig. 5(a)]. In contrast, intensity of the diffuse re-
flection increased with extended erosion time, especially at the
initial erosive challenge [Fig. 5(b)]. We noted slightly higher
sensitivity of the specular reflection signal for early erosion
recognition at the wavelength region of 600–800 nm, whereas
diffuse reflection had a more prominent signal change at 400–
600 nm (Fig. 5). Because of the observed tendency, three wave-
lengths from different spectra parts were chosen for further data
analysis (i.e., 400, 600, and 780 nm). The change of specu-
lar and diffuse reflection intensities over erosion time at three
wavelengths is shown in Fig. 6. Fast decay of the specular re-
flection during initial acidic treatment of enamel [0.5–4 min,
Fig. 6(a)] demonstrated its higher sensitivity toward analysis of
early erosive stages compared to the diffuse reflection signal
[Fig. 6(b)]. Furthermore, the standard deviations were larger in
case of the diffuse reflection measurement. Medium correlation
between specular and diffuse reflection signals was established
(Table 1) at three chosen wavelengths. Spearman rank correla-
tion coefficients were applied due to nonlinear functions.
Because reflection intensity is highly affected by the sur-
face roughness,30, 31 special attention was given to the analysis
of enamel roughness after erosive demineralization. Determi-
nation of enamel roughness by a confocal point sensor showed
increase of roughness during erosion progression (Fig. 7). Mea-
surements 1 and 2 correspond to the independent analysis of
two different positions within the same enamel specimen. There
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Fig. 5 Change of specular (a) and diffuse (b) reflection intensities during in vitro erosion of human enamel after 1 min (continuous line), 2 min
( · · · · · · ), 6 min ( ), 8 min ( ), and 15 min ( ).
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Fig. 6 Decrease of specular (a) and increase of diffuse (b) reflection intensities from enamel surfaces eroded for various time periods (0.5–15 min)
in vitro.
were disparities of roughness values among enamel samples
eroded for an identical time period. Inequality of the values can
be related to the natural inhomogenity of dental tissues that, in
turn, affects the measurements performed along the line on the
surface and not from the specific surface area. Therefore, the
presented roughness change (Fig. 7) should be interpreted as
a tendency. Imaging of the enamel surface by SEM supported
the results of optical roughness analysis. Figure 8 demonstrates
examples of the enamel interface after incubation in acid for dif-
ferent time periods. Indeed, acidic etching of the enamel caused
gradual rise of surface roughness and appearance of character-
istic honeycomb erosive pattern.32–34
To characterize the degree of erosion progression, six inden-
tations with a load of 400 gs were performed on every healthy
enamel surface and their length was measured before and after
acidic treatment. Large loads were used to leave a big trace on
the surface [Fig. 3(a)] where the length of the impression could
be quantitatively measured. When substance loss occurs (loss of
enamel tissue) due to acidic dissolution, the depth of the orig-
inal indentation decreases [Fig. 3(b)]. Figure 9 shows a depth
change of the 400-g indentations as a function of the erosive du-
ration. Apparently, no substance loss but softening was observed
within first 2 min of acidic demineralization, as an average depth
of impressions remained constant. Further incubation in acid led
to a gradual decrease of the indentation depth, indicating initial
enamel loss from the tooth surface. The indentation length could
not be measured on the enamel samples eroded for >6 min due
to severe etching and difficulty of recognizing the indentation
lines.
Reduction of the specular and rise of the diffuse reflection
signals, increased enamel roughness corroborated with the cal-
cium release into acidic media [Fig. 10(a)]. Analysis of the
calcium-ion release from dental tissues is one of the methods
that is usually applied for in vitro erosion quantification. Cal-
cium loss was measured by atomic adsorption spectroscopy
and normalized to the surface area of the enamel specimen
[Fig. 10(a)]. Dissolution of calcium ions typically results in
the loss of enamel hardness.35, 36 Figure 10(b) illustrates gradual
softening of the enamel upon incubation in citric acid (0.034M,
pH 3.6). Indentations of a 50-g load were used for hardness
analysis. Initially, linear progression of enamel softening with
erosion time was followed by the decrease of softening rate after
8–10 min of demineralization. Nearly 8–10% of original hard-
ness loss was detected already after 0.5 min of erosive impact.
High correlation coefficients (r2 ≥ 0.8–0.9) were found be-
tween change of specular reflection intensity (400, 600, and
Table 1 Spearman rank correlation coefficients (r2) between the applied analytical methods.
Negative correlation refers to the opposite tendencies of two measured parameters; for example,
specular reflection intensity decreases, but diffuse reflection signal increases during erosion
progression.
Diffuse reflection Calcium loss Enamel hardness analysis
Specular reflection 400 nm −0.463 −0.863 −0.86
600 nm −0.416 −0.915 −0.905
780 nm −0.49 −0.931 −0.924
Diffuse reflection 400 nm 0.463 0.465
600 nm 0.427 0.426
780 nm 0.479 0.478
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Fig. 7 Increase of the enamel surface roughness with erosion progres-
sion measured by confocal point sensor.
780 nm) and calcium release from the enamel surface as well
as enamel hardness analysis (Table 1). These coefficient values
were slightly higher in the case of measurements at 600 and
780 nm. However, only medium correlation was detected be-
tween the diffuse reflection signal and measurement of calcium
loss and surface hardness (Table 1). This might be due to a lower
sensitivity of the diffuse reflection intensity toward enamel etch-
ing and higher deviation of the measured signals compare to the
specular reflection analysis. Note, the Spearman correlation co-
efficients were calculated taking into account all samples at all
chosen erosion times, including outliers. The calculation of the
statistical correlation coefficients at each particular erosion time
was not performed due to a low sample number (n = 20 for each
of erosion time).
4 Discussion
Examples of average spectra of specular [Fig. 5(a)] and dif-
fuse [Fig. 5(b)] relative light reflections from enamel samples
eroded for 1, 2, 6, 8, and 15 min are presented in a full mea-
sured wavelength range (i.e., 400–800 nm). The shape of the
reflection spectra was in good agreement with the spectra of
extracted human teeth measured by ten Bosch and Coops.37 It
is clearly visible, that the reflection change in both modes was
most prominent on the early erosive stages (up to 2 min) while
subsequent demineralization resulted in a less significant shift
of the reflection intensity. To find an optimal wavelength for a
maximal sensitivity of the current device, three wavelengths of
400, 600, and 780 nm were chosen from different spectra parts
for data analysis and comparison. Relative intensity values of
specular and diffuse reflection measured for eroded enamel sam-
ples were plotted as a function of erosion time for three chosen
wavelengths (Fig. 6). Interestingly, the obtained results of the
specular reflection signal [Fig. 6(a)] could be fitted by exponen-
tial function and showed a dramatic decrease of the reflection
intensity during first 2 min of erosion. Thus, only 0.5 min of
acidic treatment of the enamel led to 30–40% loss of surface
Fig. 8 Enamel surface after erosive treatment in citric acid for (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, (f) 8, (g) 10, and (h) 15 min. (i) Last image (10-μm scale
bar) shows typical honeycomb topography of the etched enamel surface, 15-min incubation in citric acid, pH 3.6.
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Fig. 9 Depth of 400-g indentations during incubation of enamel speci-
men in acid. The softening stage took place within first 2 min of erosion
followed by initial substance loss.
reflectivity (100% corresponds to healthy enamel), followed by
60% decrease after 1 min of demineralization. The examples
of the exponential curve fitting and assigned equations are pre-
sented in Fig. 2 (supporting information).
The data analysis showed no detectable difference between
measurements at 400, 600, or 780 nm in case of a specular re-
flection signal [Fig. 6(a)]. All three curves showed exponential
decay of the reflection intensity with similar deviations at each
erosion time. The latter indicates that any of the three analyzed
wavelengths can be applied for the analysis of specular reflec-
tion intensity from the tooth interface, and the results can be
compared. It was noted that the deviation of the specular reflec-
tion values [Fig. 6(a), and Table 1, supporting information] was
higher at the initial erosion stages and reduced once, approxi-
mately 6–8 min of acidic demineralization occurred. After 6–8
min of erosion time, the specular reflection intensity reached
around 5–8% of its original value and seemed not to decrease
further. In contrast to specular reflection analysis, measurement
of diffuse reflection showed a 30–40% increase of the intensity
from enamel surface after 2 min of erosive challenge, whereas
subsequent incubation in acid did not cause significant change
of the signal under the current setup configuration. Probably, the
stabilization of the reflection intensity at the late erosive stages
might be related to the measurement parameters of the reflec-
tometer. We suggest that the signal sensitivity can be improved
by optimizing the setup of the optical system. Moreover, signal
deviation between enamel samples eroded for identical time was
detected to be much higher in the case of diffuse reflection mea-
surement than in the specular one (Fig. 6). As extracted human
teeth were randomly chosen for the enamel preparation, this
tendency can be partially explained by the impact of teeth nat-
ural color and inhomogeneity on the diffuse reflection signal.37
Although tooth color is predominantly determined by the prop-
erties of the dentine, enamel can also contribute through the
scattering at wavelengths at the blue range.37 Remarkably, the
deviations between enamel samples eroded for the same time
duration were higher when the 400 nm wavelength was used for
the measurements (Fig. 6). Detection of the diffuse reflection
intensity at 600 and 780 nm did not lead to different results or
deviation values and therefore can be considered to be identical.
Standard deviation values (20 teeth for each erosion time) of the
specular and diffuse reflection measurements are presented in
Table 1 (supporting information).
For the method application, it was important to understand
high sensitivity of the specular reflection analysis during the
initial stages of acidic demineralization (first 6–8 min) and fast
decay of the signal at longer demineralization times (≥8 min),
i.e., exponential character of the fitted plot. It is well known
that the light reflection depends on the surface roughness, wave-
length, angle of incidence, and refractive index.38, 39 Because
wavelengths (400, 600, and 780 nm) and angle of incidence
were fixed in this study, the surface roughness and refractive
index could be the main variables during acidic etching of the
enamel. The enamel roughness was quantitatively measured by
confocal point sensor, and the interface was additionally imaged
by SEM. Figure 7 shows increase of the enamel surface rough-
ness during erosion progression. Although the measurement re-
sults should be interpreted as a tendency, the continuous rise of
the roughness in a nonlinear relation to the incubation time in
acid was obvious. SEM images of the eroded enamel interface
(Fig. 8) corroborated well the semiquantitative roughness anal-
ysis, showing slow etching of the surface and, thus, increase of
its roughness. The etched pattern of the enamel appeared after
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Fig. 10 (a) Calcium dissolution from enamel tissue into acidic probes after corresponding exposure time. (b) Enamel softening during acid-induced
demineralization. Dashed lines in boxes represent mean values from measurements of 20 samples; empty circles are outlying data points.
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4 min of erosion [Fig. 8(e)] and became more prominent on the
later erosive stages [Figs. 8(f)–8(i)]. Figure 8(i) demonstrates
typical honeycomb topography of the eroded enamel.32–34 At
the same time, the surface of the enamel eroded for 8, 10, and
15 min looked rather similar, which correlated with the reduced
rate of the roughness change after 8 min of erosion detected
by confocal point sensor (Fig. 7). The observed increase of the
enamel roughness could partially explain the exponential decay
of the specular reflection intensity during erosion. Hence, af-
ter 6–8 min of acidic demineralization, increase of the enamel
roughness slowed down; at the same time, specular reflection
intensity reached minimal values and its decrease was less
pronounced.
Also, the impact of the refractive index alteration on the
specular reflection intensity cannot be excluded. It was shown
that the enamel refractive index has a linear relation to the tis-
sue density.40 Acidic demineralization causes decrease of tissue
density41, 42 and can potentially affect the refractive index of the
enamel surface. Additionally, it was reported that the refractive
index depends on the microroughness of the surface.43, 44 Elton43
suggested that the increase of microroughness resulted in more
air fraction relative to solid material, leading to a reduction in the
effective refractive index. It might be applicable to the enamel
surface as well because its porous structure changes architec-
ture after acidic etching.45 An increase of the pore volume45 can
contribute to the total air/solid ratio and, thus, to density and
the effective refractive index of the enamel. In summary, both
change of refractive index and surface roughness during enamel
erosion could contribute to a great decrease of the specular re-
flection intensity within first seconds of demineralization. Tak-
ing into account a nearly 10 times increase of enamel roughness
within the first 10 min of erosion, change of surface roughness
can be considered as one of the main parameters determining
specular reflection signal in the erosion analysis. To check the
sensitivity of the proposed technique toward changes of enamel
pore size, or density, demineralization/remineralization experi-
ments could be performed. Although different remineralization
procedures46, 47 might cause variation of the surface roughness
in a broad range, application of mineral solutions containing
calcium, phosphate, and fluoride ions mostly resulted in a nano-
/microscale alteration of enamel tissue.48 It was reported that the
decrease of optical reflectivity from the remineralized enamel
carious lesions was detected using polarization-sensitive optical
coherence tomography (PS-OCT).49
The assignment of the reflection intensity to the particular
erosion phase was one of the aims of the method development.
The first phase of dental erosion is characterized by the enamel
softening without loss of the mineral and is the most decisive
stage for susceptibility of tissue toward subsequent abrasion.50
However, no visible characteristic changes of the enamel appear
on this phase making its visual diagnostics impossible. Further
continuous demineralization can lead to the macroscopic loss of
the enamel (Fig. 1). On the basis of these criteria, the phases of
dental erosion can be assessed in vitro by the quantitative anal-
ysis of acid-induced substance loss. For the measurement of
substance loss under the chosen experimental conditions, large
400-g indentations were performed on the healthy original pol-
ished enamel surface [Fig. 3(a)] and their depth was measured
before and after erosive demineralization. It was proven that this
method provides necessary sensitivity to detect small degrees of
enamel wear by measurement of the indentation geometry.51–53
Figure 9 presents at least two different phases of in vitro erosion.
The first phase of dental erosion (i.e., softening of the enamel)
took place within 2 min of the demineralization causing no sub-
stance loss and, thus, no change of the average indentations
depth. Interestingly, it was the softening regime when the inten-
sity of the specular reflection light had the fastest decrease (down
to 20%) and diffuse reflection showed about a 30–40% increase
of the intensity (Fig. 6). Depth of indentations started to decrease
after 2 min of acidic incubation indicating the initial substance
loss, second phase of the erosion (Fig. 9). A 6-min-long incu-
bation resulted in the loss of ∼300 nm of the enamel mineral
(Fig. 9). After this phase, reflection change was no longer promi-
nent, achieving nearly constant values. Hence, two phases of
dental erosion could be well associated with a different change
of the specular and diffuse reflection intensities. The depth of
indentations was not measured at the later erosive times (≥6
min) due to significant roughness of the eroded enamel surface
and difficulties of recognizing the indentation lines.
Softening and mineral loss of the enamel resulted in the re-
lease of calcium ions into acidic solution. The chemical mech-
anism of the acid-induced enamel dissolution is well explained
by Featherstone and Lussi.54 We measured calcium release by
atomic adsorption spectrometry and compared the obtained re-
sults to the erosion assessment by reflection analysis. Softening
of the enamel during first 2 min of demineralization caused ∼10
nmol/mm2 total calcium release accompanied by ∼80% loss of
the specular reflection intensity and a 30–40% increase of the
diffuse reflection. The calcium loss rate did not depend on the
softening or substance loss regime and showed linear function
over erosion duration [Fig. 10(a)]. Hence, ∼5 nmol/mm2*min
of calcium ions were dissolved into acidic media. Similar lin-
ear kinetics of enamel dissolution was reported earlier.55, 56 The
analysis of the calcium content after short erosive treatment (0.5
min) required enamel samples with rather large surface areas
to overcome the detection limit of the instrument. This was in
contrast to the reflection analysis that allowed erosion detection
after the first seconds of acidic challenge. However, measure-
ment of calcium dissolution could be a more reliable method for
the assessment of later stages of the erosion progression than
reflection analysis, where little change of the reflection intensity
occurred in the substance loss regime (Fig. 6). Apart from the
analysis of calcium loss from the enamel surface, measurement
of the enamel microhardness was applied as another typically
used method for the in vitro erosion quantification. Incubation
of the enamel samples in citric acid and calcium dissolution
resulted in the gradual increase of the enamel softening [Fig.
10(b)]. After 2 min of acidic demineralization, ∼20% softening
of the enamel was detected. Subsequent hardness loss did not
have linear relation to the enamel exposure time in acid. Unfor-
tunately, direct comparison of the calcium release and enamel
softening results to the data published by other authors was im-
possible due to variations of experimental conditions applied for
in vitro erosion procedures.
The obtained values of enamel softening were used to find
an equivalency of the applied erosive conditions to the clinically
relevant situation. Note, the approximation should be considered
with caution due to several reasons. First, the experiment design
of the current in vitro study did not include a remineralization
step after the erosive challenge; however, the remineralization
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process constantly occurs in the mouth due to salivary flow and
the presence of an acquired pellicle layer on the enamel surface.
Hannig et al.57 showed that the pellicle layer provided certain
protection of the enamel tissue from demineralization. Second,
demineralization of enamel tissue by acidic drinks depends on
drink pH, buffering capacity, type of acid (pKa), chelating and
adhesive properties of the components, concentration of calcium
and phosphate ions,58–60 as well as the drinking method itself
(holding the drink, long-sipping, gulping).61 It was reported that
20-s-long drinking of 200 mL of orange juice (Rio d’oro, Aldi,
Germany, pH 3.8) or Coke Light (Coca-Cola GmbH, Germany,
pH 2.85) resulted in no detectable enamel softening (juice) or
15% softening (Coke), respectively.57 The enamel specimens
were incubated in the oral cavity for 2 h before the consump-
tion of drinks.57 In our in vitro study, 15% of enamel softening
was achieved after 1 min of erosive treatment in citric acid [30
mL, pH 3.6, Fig. 10(b)]. For a rough approximation, 1 min of
erosion applied in the study could be equivalent to a 20-s drink
of 200 mL of Coke Light, both resulting in the same extend
of enamel softening. Most probably, some remineralization of
the softened enamel surface proceeds in the mouth just after
the consumption of Coke, thus reducing the erosive effect. In
conclusion, the erosive conditions applied in this in vitro study
caused fast progression of dental erosion, which would require
longer acidic impacts in the real-life situation to achieve similar
enamel wear.
One of the important observations in this in vitro study was
the high sensitivity of the reflection analysis toward the early
erosion stage and its decay during further erosion progression.
Thus, the diagnostics of dental erosion could still be possible
by comparing the reflection signal from nonaffected and eroded
dental tissues; however, the longitudinal monitoring over a long
time period cannot be considered using the current setup of
the instrument. In spite of the reduced sensitivity on late erosive
stages, we believe that the proposed analytical technique has cer-
tain potential for intraoral application. Several parameters, such
as the presence of an acquired salivary pellicle layer or plaque on
the enamel surface, teeth abrasion, hydration degree, and native
tooth color, should be considered for clinical measurements of
the reflection intensity. It can be expected that the intensity of
the specular reflection decreases in the presence of proteins (pel-
licle layer) or bacterial biofilm (plaque) on the enamel surface.
We speculate that the reduction of the specular intensity by these
soft layers could, most probably, depend on the layer thickness
and density (i.e., parameters that usually differ from patient
to patient as well as from tooth to tooth and cannot be clini-
cally controlled). However, both pellicle layer and plaque can
be partially removed from a particular dental surface for a di-
agnostic procedure; thus, their effect on the reflection intensity
might be minimized. (De)hydration of the dental tissue during
enamel preparation could be another parameter to consider in
terms of clinical application of the reflectometer. It was shown
that the dehydration degree of human enamel played an im-
portant role in measurements of light-induced fluorescence62 or
photothermal radiometry and modulated luminescence (PTR-
LUM)63 signals. Obviously, clinical study is required to evalu-
ate the impact of the enamel preparation (removal of soft layers,
drying) on the output signal of the optical instrument. We as-
sume that these parameters must be standardized for clinical
diagnostics.
Often abrasion contributes to the progression of dental ero-
sion and complicates the erosion diagnostics. It is believed that
abrasion (by tooth brushing, for example) contributes tremen-
dously to the physical wear of softened etched enamel tissue,
leading to a faster teeth decay.64, 65 It was shown in this study
that the reflection intensity correlated with the change of surface
roughness during continuous acidic etching. Abrasion causes
removal of the softened enamel layer65 and might potentially
change the surface roughness and reflection intensity, accord-
ingly. We suggest that abrasion via brushing the enamel surface
can result in the decrease of the surface roughness of the etched
softened enamel and, thus, an increase of the reflection intensity
signal. A separate study about the effect of enamel abrasion on
the specular reflection intensity was initiated, and the results
will be published elsewhere.
The measurement of the relative reflection intensity (i.e., a
ratio of intensities from eroded and noneroded enamel surfaces,
in the same mouth) might minimize the effect of native tooth
color and roughness on the reflection signal. The reference area
can be found in the healthy dental area in a close proximity to
the analyzed tooth surface.
5 Conclusion
The proposed optical device based on the analysis of reflec-
tion intensity can be successfully applied for the assessment of
dental erosion of human enamel. Especially, specular reflection
intensity can be recommended for the quantification of the early
softening phase of dental erosion. The optical analysis of spec-
ular light reflection provided the best sensitivity among tested
methods for the detection of enamel etching after first seconds of
contact with the acidic environment. The decrease of the spec-
ular reflection intensity with erosion progression was mostly
associated with the increase of surface roughness and could
be fitted by exponential function. Measurement of the diffuse
reflection revealed less sensitivity and a higher tooth-to-tooth
deviation of signal.
The great advantage of the tested optical method is its sim-
plicity, fast performance, noncontact, nondestructive analysis of
dental tissue, and cost-effective assembly. The presented results
can be further used for the optimization of measurement pa-
rameters and possible miniaturization of the reflectometer for in
vivo dental application.
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